As a first step in modeling health-related urban well-being (UrbWellth), a mathematical model is constructed that dynamically simulates heat stress exposure of commuters in an idealized city. This is done by coupling the Simple Urban Radiation Model (SURM), which computes the mean radiant temperature (T mrt ), with a newly developed multi-class multi-mode traffic model. Simulation results with parameters chosen for the city of Hamburg for a hot summer day show that commuters are potentially most exposed to heat stress in the early afternoon when T mrt has its maximum. Varying the morphology with respect to street width and building height shows that a more compact city configuration reduces T mrt and therefore the exposure to heat stress. The impact resulting from changes in the city structure on traffic is simulated to determine the time spent outside during the commute. While the time in traffic jams increases for compact cities, the total commuting time decreases due to shorter distances between home and work place. Concerning adaptation measures, it is shown that increases in the albedo of the urban surfaces lead to an increase in daytime heat stress. Dramatic increases in heat stress exposure are found when both, wall and street albedo, are increased.
Introduction
Modeling the health of urban dwellers is a complex task. Urban areas affect human health due to the combination of multiple environmental stressors such as heat stress [1] , air pollution [2] , and noise [3] . All of these environmental stressors have elevated levels compared to their rural surroundings [4] [5] [6] . However, there are several factors that affect the impact of such stressors on health discussed by von Szombathely et al. [7] in their conceptual model for health-related urban well-being (UrbWellth). For instance, environmental stressors can only lead to a higher mortality or morbidity if urban dwellers are exposed to them (e.g., being outside). The exposure depends on the location of the urban dwellers as well as on their behavior [8] (e.g., activity patterns and choice of traffic mode) and on the intensity of the stressors. This intensity depends on the characteristics of cities (e.g., morphology, materials used, and green spaces) and consumer behavior (e.g., energy usage, emissions of pollutants 2 of 21 from car traffic). It is therefore important for the modeling of UrbWellth to take into account different processes within the urban system, in particular human behavior.
Most studies assessing exposure to environmental stressors are either based on static population data [9, 10] or require actual measurements [11] . There are, however, efforts to model individual behavior and combine this with stressor data using agent-based models [12] . This approach has not been feasible for a city with a large number of urban dwellers up to now because of computing constraints and lack of information about individual behavior. Thus, exposure modeling approaches with intermediate complexity are needed, where the modeling of urban stressors and a simplified representation of the movement of urban dwellers within the city are combined. Schindler and Caruso [13] did this by coupling multiple models (e.g., air pollution dispersion model, and traffic model) for an idealized city. With this coupled modeling system, they were able to identify urban morphologies that reduce the overall exposure to air pollution.
In this study, we focus on modeling exposure of commuters to heat stress. Heat stress is shown to increase the morbidity as well as mortality of humans [14] . Under heat wave conditions, mortality is increased during and shortly after such an event [1] . Thorsson et al. [15] showed that the mean radiant temperature T mrt is an appropriate measure for analyzing the heat stress related mortality of urban dwellers. T mrt depends on the morphology of the surrounding area, which can be quite heterogeneous within one urban area. It has been shown that an increase in the aspect ratio of street canyons (i.e., building height divided by street width) leads to a reduction of T mrt due to increased shading [16] . Hence, planning cities with narrow streets and high buildings might reduce heat stress exposure. However, it is not clear up to now how large this effect is during the course of the day and integrated over an entire city, because street orientation determines when shading is effective. Higher aspect ratios in average reduce wind speeds within a street canyon which would increase the heat perceived by humans assuming the same temperatures and T mrt . The intensity of this effect compared to shading is unclear in detail, but it is probably the smaller one and will not be included in the current investigations to keep them more simple.
Changing the morphology of the city has implications on the population distribution and subsequently on commuting patterns. The albedo of urban surfaces also has a large impact on the radiation within street canyons and consequently on T mrt . Since a reduced albedo is shown to decrease the urban heat island effect, urban planners are considering to the use of light colors as a climate adaptation measure. Schrijvers et al. [16] found that an increase in the albedo results in a T mrt increase. However, they also concluded that this effect is smaller than the effect of shading due to buildings. Consequently, a detailed investigation of the combined impact of changes in the aspect ratio and in the albedo on heat stress exposure is needed.
Taking an approach similar to Schindler and Caruso [13] , we use a simplified coupled model in order to investigate the impact of different urban morphologies (e.g., building height distribution and street canyon geometry) and different surface characteristics (i.e., albedo) on the heat stress exposure of urban dwellers. In this model, a circular city is assumed with only two traffic flow directions, towards the city center and away from the city center. By introducing a multi-class multi-modal macroscopic traffic model the location of the commuters can be simulated depending on their home location, work place and choice of traffic mode. The heat stress is determined as a function of the city morphology and the albedo of urban surfaces with the Simple Urban Radiation Model (SURM) [17] . The dimensions and other simplified characteristics (e.g., building height distribution) of the city are based on data for the city of Hamburg because it has been extensively investigated within the interdisciplinary UrbMod project, which aims to develop a modeling framework for UrbWellth [7] . Hamburg is the biggest city in northern Germany with approximately 1.8 million inhabitants. Its climate is of marine influence: the winters are mild; while summers are moderately warm due to the moderating influence of the North Sea [18] . Despite the moderate summer climate, hot days (maximum temperatures ≥ 30 • C) occur on average five days per year [19] , which can cause daytime heat stress. Hence, meteorological conditions for a hot summer day are selected for the simulations in the present study.
The benefits of this simplified modeling approach are: (i) The effects of individual processes (e.g., impact of traffic on exposure) can be identified more easily than in a complex model; (ii) Computational effort is reduced, which enables production of a larger number of simulations. In addition, not enough information is available for more detailed simulations, especially with respect to individual behavior.
In Section 2, the simplified city, the different model components and the computation of exposure are described. The results of simulations conducted for a cloudless summer day as well as the results of sensitivity studies with varied city morphology and albedo are presented in Section 3 and discussed in Section 4. Concluding remarks are given in Section 5.
Model
In the present study, we introduce a simplified model for heat stress exposure of commuters. Figure 1 shows the the different model components, their inputs and outputs, and the meteorological data employed. After all values are set in the user input routine, the simulation starts with setting up the simplified city (Section 2.1), which includes properties of the city (e.g., radius, geographic location, canyon geometries, wall and street albedo, working population), the model grid (e.g., grid length, street orientation increments), the groups (i.e., home and work location, and modal split) and the time steps for the model components. In the next step, the traffic model computes the location of the commuters throughout the day (Section 2.2). Thereafter, the meteorological data (Section 2.4) are imported in order to run the SURM model [17] (Section 2.3), which calculates the mean radiant temperature, T mrt , on the same grid and for the same time steps. Since T mrt and the traffic are currently coupled through the building height distribution of the city they can be run sequentially. It is, however, possible to run both modules in parallel if needed (e.g., if feedbacks are implemented). Finally, the exposure is computed for the different groups using a given threshold T thr for T mrt (Section 2.5). A detailed description of the model components and data are given in the following sections. 
Simplified City Model
The simplified city used for the simulations is assumed to be circular with a radius R (Figure 2 ). It consists of a central business district (CBD) in the city center, where most of the workplaces are located, surrounded by mostly residential buildings. The height of the buildings H depends only on the (non-negative) distance to the CBD, x (Equation (1)). In this paper, a negative linear relationship is assumed: the further away from the CBD the smaller are the buildings. The factor c H is chosen so that H is equal to H CBD in the CBD and equal to H R at the city boundaries (Equation (2)). The idealizing assumption of a linear change of H can be justified with an analysis of building height data for Hamburg taken from Schoetter et al. [4] . Figure 3 shows the building height average for different distances from Hamburg's city center using 1 km bins and the corresponding linear fit (explained variance R 2 = 0.78). Close to the city center building heights increase rapidly, which is on the one hand due to larger office and retail buildings near the city center and on the other hand due to the smaller area used to compute the average building height. The latter can lead to a large impact of single high buildings (e.g., Sankt-Petri-Church with a 132 m bell tower). This is also reflected in the large height variability within the distance bins (not shown). Hence, as a first order approximation, a linear dependency is reasonable. 
The population density ρ P is assumed to be proportional to H and therefore also a function of x (Equation (3)), with the exception of the CBD. Within a radius R CBD , the population is set to zero assuming that the buildings are occupied by offices only. The constant c P is positive and needs to be calculated from city properties. The density needs to be multiplied with the area A in order to yield the population at a certain distance from the CBD.
The constant c P needs to fulfill the constraint that the integral over all circular rings equals the total population P tot (Equation (4)). Since the population within the CBD is set to zero, the limits for the integral are the radius of the CBD, R CBD , and the radius of the city, R.
Solving the integral gives:
The average street width W is set to be constant throughout the city because there is no obvious functional relationship between street width and distance to the CBD. Hence, only the aspect ratio H/W of the street canyons decreases linearly with x. H/W is used to couple the city model with the module of the mean radiant temperature described in Section 2.3.
The spatial distribution of workplace of citizens has two modes for a given location (Equation (7)). The first mode, f wrk1 , reflects that most workplaces are located close to or in the CBD. It is approximated by an exponential distribution (Equation (8)) with an e-folding distance χ CBD , which can be viewed as the size of the CBD. The second mode f wrk2 takes into account that there are workplaces close to the home location (e.g., people working in grocery stores or other service providers). Here, no directional preference is assumed. As a functional relationship the normal distribution is chosen (Equation (9)), where only the standard deviation σ needs to be specified. As an example, Figure 4 shows the two distributions as well as the combined distribution for urban dwellers living 10 km from the CBD.
For the simulations conducted in the present study, the city is discretized with equal grid spacing with respect to distance to the CDB, ∆x, and street orientation, ∆θ s .
The diversity of the behavior of the urban population population groups is introduced to the coupled model. These are groups that differ with respect to choice of traffic mode and working hours. The group properties could be extended using socio-demographic variables such as gender, age, income and preferred choice of home location. These variables could be determined from geospatial analysis in combination with surveys as done by Kandt et al. [20] .
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Traffic Model
The traffic model is needed in order to know the location of the commuters throughout the day because the heat stress exposure (T mrt , which varies throughout the city) depends on location. Therefore, the model should be able to track the location of individual vehicles or group of vehicles. There are at least two major approaches in modeling road traffic: macroscopic and microscopic. For the current problem, microscopic models, which simulate the movement of individual cars, are not feasible because it is too expensive to compute the traffic for the whole city due to the large number of cars. Instead a macroscopic model is applied, modified to track groups of vehicles in the simulations. Macroscopic models were introduced in the 1950s by Lighthill et al. [21] and describe the traffic flow using the macroscopic quantities vehicle density, ρ, and average velocity, v. Using the conservation of the number of vehicles, N v , within a discrete area the flow can be modeled using the continuity equation (Equation (10)).
The number of vehicles can be expressed in terms of vehicle density ρ in an area A (Equation (11)). The area A for the annuli of the circular city can be calculated using Equation (12) .
Using Equation (11), Equation (10) becomes Equation (13) .
The velocity v decreases, similar to Greenshields model, linearly with increasing ρ until a maximum car density ρ max (used values in Table 1 ) is reached, where v = 0 (Equation (14)).
Since we are interested in the exposure of different groups, with different home and work place locations as well as different choice of transport mode, ρ needs to be split up into N ρ partial densities ρ i ,
Each ρ i describes the number of vehicles from a specific population group that has the same home and work location. The total number of densities N ρ is determined based on the number of grid points, N grdpts , the number of flow directions, N dir (=2; towards the CBD and away from the CBD), and the number of population groups, N group , using the following formula:
Using the ρ-vector, Equation (13) becomes:
while the velocity is dependent on the total density at each grid point (Equation (17)). Zhang et al. [22] showed that the flow-density relations of bicycle and car traffic are similar when the maximum density and the maximum velocity are chosen accordingly. Therefore, Equations (16) and (17) are used to model the bicycle traffic in the present traffic model. Modeling public transport (buses, subways, and rapid-transit trains) is not as easy to implement in a simple model, as introduced here. However, most public transport is climatized and some trains run underground. Therefore, public transport is not considered in the present study but will be included in the modeling system in the future following the approach of Gasser et al. [23] . In the current version of the traffic model the information about whether the commuters are on the road or either at work or at home is added. This is achieved by introducing an indicator function, F in (Equation (18)), that depends on the time t as well as on the location x. F in can take the value 0 for not being on the road and +/−1 for being on the road. The sign of F in indicates the flow direction. x W and x H denote the place of work and home, respectively. t 1 and t 3 are the times when commuters start to go to work and to go home, respectively. t 3 is equal to the end of work while t 1 is computed for each ρ i separately so that the the commuters arrive at work on time, assuming no traffic jams. t 1 depends on the mode of transport, the distance to work, and the start of work. t 2 (=12:00 CET) and t 4 (=24:00 CET) are set to distinguish between commuting to work and from work.
This yields the final model equations:
Equations (17) and (20) are solved using a local Lax-Friedrich scheme (LLxF) [24] , with constant grid spacing ∆x = const. The latter is chosen because it accounts for a rarefraction wave, which occurs when ∑ Nρ i=1 ρ i (x) gets close to ρ max and therefore v close to 0 km/h (i.e., traffic jam). Special care needs to be taken at the boundaries of the city in order to conserve the total number of cars. Hence, an extra grid point is added at both ends of the grid. At these grid points F in is set to 0.
To test the applicability of the LLxf scheme to the given problem, test simulations are conducted with N ρ = 1. The simulation starts (t = 0 min) with ρ car = ρ max at the last grid point (x = 20 km) and ρ car = 0 for all other grid points. The maximum velocity is set to 50 km/h, the grid spacing to 1 km, the time step to 1 min and the flow is directed towards the city center. Figure 5 presents the simulation results normalized with ρ max for every 5th time step. The use of the LLxF scheme leads to a rarefraction of the density within the first time steps, which reflects the start of vehicles in front of a traffic jam. The normalized density increases after 15 min due to the decrease of the area with decreasing distance to the CBD. After about 20 min, the first vehicles reach their destination (i.e., CBD). Thereafter, the density increases near the CBD . Due to the large number of vehicles, the velocity decreases. This results in a traffic jam and a backwards moving shock wave, which is visible between 25 min and 35 min. Here, the density increases rapidly to 90% of ρ max while the density peak moves into the opposite direction (away from the CBD) compared to the traffic flow direction (towards the CBD). This is a typical behavior of traffic flow [25] . After 40 min the rate of vehicles arriving at the CBD becomes larger than the rate of vehicles approaching the traffic jam. Consequently, the density decreases until all vehicles have arrived at the CBD after around 65 min. Based on these results it can be concluded that the traffic model in combination with the LLxf scheme produces a realistic traffic flow. 
T mrt Model
As a measure for heat stress, the mean radiant temperature T mrt is used, because it is a good measure for human comfort [15] and is very closely linked to the urban morphology [26, 27] . T mrt is defined as the uniform temperature of an assumed black-body radiation enclosure in which a subject would experience the same net-radiation energy exchange as in the actual more complex radiation environment [28] . T mrt can be calculated according to Equation (21) :
Here, E i denote long-wave radiation fluxes and D i diffuse radiation fluxes from various sources with different view factors V i . I represents the direct shortwave radiation flux reaching the human body that is assumed to have albedo α k and emissivity p and projection factor f p . σ is the Stefan-Boltzmann constant. In this study, the Simple Urban Radiation Model (SURM) [17] is applied to estimate the radiation fluxes within an idealized symmetrical street canyon of infinite length without vegetation on a cloudless day. The model simulates incoming shortwave radiation based on the day of the year and geographical latitude and accounts for the absorption of radiation by water vapor in the atmosphere. Based on aspect ratio H/W, street orientation θ s and time of the day, shading of the street canyon floor, walls and the person are calculated. The diffuse radiation fluxes from the sky and the reflected radiation fluxes from walls and ground are treated as lambert equivalent; long-wave radiation fluxes from sky, walls and ground are considered as diffuse isotropic. In the model version (2.2) of SURM applied in this paper, surface temperatures of shaded walls and ground areas are assumed to be equal to air temperature. For sunny areas a uniform but time dependent wall and ground temperature is prescribed (Section 2.4). A detailed description of the model is given by Fischereit [17] .
The applied T mrt accounts for rotational symmetric people standing within a street canyon and not for car passengers. The heat stress within a car depends on many different aspects, for instance if the car is air conditioned or not and how fast the car is going. There are comprehensive models for heat stress in vehicles available [29] . It is planned to include such models in the modeling framework in the future. For the present study, the computed T mrt can be regarded as a measure of potential heat stress of car passengers, because radiation is an important factor when determining heat stress within cars.
Meteorology
The meteorological data of the Hamburg Urban Soil Climate Observatory (HUSCO) [30] are used as input data for T mrt calculations (Section 2.3). HUSCO provides measurements for every minute from several stations within the city of Hamburg. The observations of 2m temperature, T 2m , surface temperature, T sur f , and 2m relative humidity, RH 2m , at the CBD station "Innenhof Stadthausbrücke" for a summer day with extreme temperatures (4 July 2015; Figure 6 ) are selected for the simulations conducted in this study. Here, it is assumed that the meteorological conditions, consisting of temperature, humidity and wind, do not vary throughout the city, neglecting for simplicity the differences that are found in real urban areas with complex impacts of urban structures e.g., [18, 30] . These simplifications are a first essential step for assessing the feasibility of a joint modeling of morphology and T mrt and traffic. The surface temperatures as well as the wall temperatures are set to T sur f in the sun and are assumed to be equal to T 2m in shade. By doing so, we account for the most important spatial T sur f variations during daytime e.g., [31] and therefore the effect of morphology on radiation, if homogeneous surface properties and calm wind conditions are assumed. This simplifies the complex relationship between the urban materials and structures found within cities with heterogeneous surface properties e.g., [32] . To reduce the noise, the meteorological data are fitted to a trigonometric function y f it (Equation (22)) using the Levenberg-Marquardt nonlinear least squares algorithm [33] .
Here, t is the time in seconds starting at midnight with t 0 = 0. The fitted functions and the explained variance R 2 of the fits are shown in Figure 6 . For both T 2m and T sur f , the observations can be sufficiently well reproduced indicated by a R 2 of 0.94 and 0.93, respectively. The performance of the fitted RH 2m time series is not as good (R 2 = 0.85) but still satisfactory. It reproduces the observed time series until 14:00 CET quite well. Thereafter, rapid changes in RH 2m occur, which cannot be captured with a single frequency a 3 . However, the errors are in an acceptable range of +/− 10%. These functions are used as the idealized meteorological forcing, assuming zero wind conditions. 
Exposure Model
The exposure to an environmental stressor such as heat stress due to high temperatures , E hs , is the sum of the exposure at the workplace, E w , the exposure during the travel to work, E t , the exposure at home, E h and the exposure during free time E f . The current version of the model does not allow the computation of the exposure at home and at work because heat stress, i.e., T mrt , in buildings is not accounted for. There are detailed models for heat stress in buildings available [34] . It is planned to include such models in the future. In addition, the computation of E f is quite difficult because of the lack of knowledge and corresponding data about the behavior and therefore the location of urban dwellers during their free time. Hence, the focus of this study is on the exposure during the commute to work E t .
Thorsson et al. [15] showed that only the exposure to T mrt above (heat stress) and below (cold stress) a certain threshold T thr can be related to a higher mortality rate. In the present study the focus is on heat stress. Hence, following Lau et al. [35] the exceedance of T thr for heat stress is used to calculate the exposure (Equation (23)). They introduced a variable called overheating degree hours (ODH), which is the sum of time with T mrt values above T thr . It can be generally written as:
where τ is the time interval of interest (e.g., years or days). Lau et al. [35] did not explicitly consider the exposure of the population. The latter is represented by utilizing the traffic model (Section 2.2). With this model, it is possible to compute the exposure for every subpopulation (i.e., partial densities in the traffic model) because their position is known throughout the day. The average exposure over a day can then be computed with the following equation:
where c is (πR 2 · P tot ) −1 . It is also possible to calculate the exposure of certain groups (e.g., only bike commuters) when only the results for the corresponding ρ i are summed up and P tot is replaced by the corresponding population group. In addition, the exposure can be computed as a function of distance by changing the limits of the spatial integral accordingly.
Simulations

General Set-Up
For the first test of the coupled model, the population is split up into four groups (Table 2) , which each make up 25% of the commuting population. The first two groups work 8 h a day (typical for German workers), but with different working hours. For both groups, a half an hour lunch break is included. The modal split for commuters in Hamburg is 41% cars, 33% public transport, 11% bikes, and 12% other [36] . In the present study, only car and bike traffic are considered. Hence, the modal split for the groups is chosen to have an average ratio of cars to bikes of 4 to 1. Group 1 uses more bikes and fewer cars to commute to work compared to the average commuter, while, for Group 2 it is vice versa. The other two groups have the same modal split as the first ones but work only part time. The ratio between part-time and full-time workers is 0.37 following data from the city of Hamburg. The population and workplace distribution for the simplified city are given in Figure 7 . About 50% of all workplaces are located within 3 km from the CDB while more than 2/3 of the urban dwellers live further than 10 km from the CBD.
A T mrt threshold of 58.8 • C is applied following Thorsson et al. [15] . Above this threshold, an increased mortality rate was found. The rest of the parameters for the T mrt module and the traffic model are listed in Table 1 . They are chosen to represent the conditions for a city like Hamburg. Figure 7 . Distribution of the population and workplaces as a function of distance to the CBD for the simplified city with the reference case configuration.
Reference Case
The results for the simulations using a building height of 16 m in the CBD, based on the fitted curve in Figure 3 , are presented in Figure 8 . This figure shows the time series of the maximum T mrt in the city, max(T mrt ), the total traffic (cars and bikes), and the exposed commuters. The diurnal cycle of max(T mrt ) is asymmetric and skewed towards the afternoon, which is due to the combined effect of the solar radiation and the meteorological variables ( Figure 6 ). The phase of both T 2m and T sur f is shifted towards the afternoon, while the effect of the solar radiation is symmetric with respect to solar noon (not shown). Consequently, max(T mrt ) increases rapidly after sunrise but slows down after 7:30 CET, when the T mrt increase is mainly due to the increase in T 2m and T sur f . T thr is reached at 12:00 CET while the maximum of 61.6 • C is reached at 14:30 CET. Thereafter, max(T mrt ) decreases at a rate that is comparable to the increases in the morning hours. Hence, T thr is crossed at 16:15 CET only 1 h and 45 min after the maximum.
The number of commuters on the road is not a continuous variable because only the traffic of commuters with regular working hours (start of work in the morning and end of work afternoon or early afternoon) is considered. Hence, there are two pronounced peaks in the number of commuters on the road shortly before 8:00 CET and 9:00 CET in the morning and two smaller peaks in the early afternoon (around 13:00 CET and 14:00 CET), which correspond to part-time workers driving home, and two peaks in the late afternoon (17:00 CET and 18:00 CET). Since T mrt values above T thr occur after 9:00 CET and before 16:30 CET mostly part-time worker coming back from work are exposed to heat stress. Only a small fraction of commuters with longer working hours are exposed. This is reflected in the average values for ODH for the four groups. Group 4 (ODH ave = 5.5 min per commuter) is exposed the most, followed by Group 3 (ODH ave = 3.7 min per commuter). Group 1 (ODH ave = 0.5 min per commuter) is only marginally exposed while Group 2 shows nearly zero exposure. Since bike commuters need longer to go to work they are more exposed than car commuters. 
Influence of City Structure
To investigate the impact of the urban morphology on heat stress exposure, simulations with different building height distributions (H CBD = 5, 7, ..., 31) and different street widths (W = 8, 10, ..., 20) are conducted. The building heights influence both the aspect ratio H/W and the population distribution and therefore T mrt and traffic, respectively. The only model parameter that is chosen to vary is the building height in the CBD H CBD , which affects the building height, home location and work place distribution. The street width W only has an impact on H/W and therefore on T mrt . As a measure of traffic the accumulated time spent on the road τ road and in a traffic jam τ jam (v < 15 km/h for cars and v < 5 km/h for bikes) is computed.
The impact of the different city morphologies on the T mrt is presented in Figure 9 . In general, the area averaged T mrt for the whole city increases with decreasing building height and increasing W during daytime. The influence of the two variables, however, depends on the time of the day. At 9:00 CET (Figure 9b ) and 14:00 CET (Figure 9c ) both variables are equally important because the T mrt contour lines are almost aligned with the contour lines of the averaged H/W. For average H/W of 0.6 and lower a saturation of the T mrt at 14:00 CET is reached. Due to the large zenith angle and the large distances between buildings the influence of the buildings on the radiation budget diminishes and the T mrt reaches the value for a human on an infinite plane. The closer the time is to sunrise and sunset, respectively, the more important W becomes, as indicated by the crossing of T mrt and H/W contour lines (Figure 9a,b,d) .
In Figure 10 , the dependency of the building height distribution (i.e., population distribution) on the traffic is presented. Figure 10a shows the total time spent on the road for the different home locations. A more compact city structure (i.e., large H CBD ) leads to a reduction in the total time spent in traffic. For H CBD = 5 m the total time is 2.2 · 10 7 min (33 min per commuter), while for H CBD = 31 m it is only 1.7 · 10 7 min (27 min per commuter). This is mainly a result of urban dwellers living closer to the CBD. The increase in traffic jams for more compact city structures slightly compensates for this effect. Figure 10b shows the percentage of time spent in a traffic jam as a function of H CBD and the distance of the home location to the CBD. The increase in traffic jams of more than 23% at a distance of 5 and 9 km from the CBD can be attributed to the car traffic. Traffic jams of commuters riding their bike are rare in the simulations conducted but the commuting time still increases because of Equation (19) . Traffic jams increase the commuting time up to 31% when only car traffic is considered. 
Influence of Albedo
Another climate adaptation measure that can be investigated with the simple coupled model is the modification of urban materials with respect to their albedo A 0 (e.g., painting walls and roofs of buildings white). A 0 is a measure for the reflectivity of the surfaces with respect to radiation. The larger A 0 , the more shortwave radiation is reflected, which could lead to a reduction of the air temperature. For that reason, it is proposed to use materials with higher A 0 for climate adaptation. Within the T mrt model it is possible to vary the values of A 0 for walls and street surfaces, A 0W and A 0S , respectively. In the first step, only the values for A 0W are changed and in the second step, A 0S is also changed. The range of values (0.1 to 0.6) is taken from Boettcher et al. [37] , who implemented adaptation measures developed for the city of Hamburg in an atmospheric model. An A 0 of 0.6 can be reach by using white or by using more reflective walkways [37] . Figure 12 shows the time series for the difference in the averaged T mrt compared to the simulation with A 0 = 0.1 (all other variables correspond to the reference case). The impact of changing A 0W (solid lines in Figure 12 ) is small compared to changing the albedo of all surfaces (dashed lines in Figure 12 ). The increase of A 0W from 0.1 to 0.6 results in increased T mrt values of up to 1.3 K in the early morning and late afternoon hours and up to 0.8 K around noon. Smaller changes in A 0W (e.g., from 0.1 to 0.2) show increases that are negligible. The diurnal behavior can be explained by the small solar angle around sunrise and sunset, which results in a larger influence of the reflected radiation of the walls in the radiation budget. Increasing A 0 of all surfaces leads to much larger increases that follow the curve of the incoming solar radiation (not shown). Even a small change in A 0 from 0.1 to 0.15 increases the averaged T mrt by up to 1.7 K around noon. An increase from 0.1 to 0.6 results in a dramatic increase of almost 16 K around noon. The increases in T mrt in both sensitivity studies affect also the exposure of the urban dwellers to heat stress. Changing A 0W from 0.1 to 0.6 results in an increase in ODH of about 104% (from 1.3 min per commuter to 2.7 min per commuter) while the same change in A 0 of all surfaces results in an ODH that is more than 90 times larger (from 0.16 min per commuter to 14.8 min per commuter).
The results for the different groups (Table 2) as well as car and bike commuters are given is Table 3 . When changing only A 0W , all groups show approximately a doubling in ODH ave , except for Group 2, which is almost not exposed at all. In addition, for car and bike commuters the relative change is quite similar. A different relation can be seen when changing both A 0W and A 0S . Group 4 experiences the largest absolute increase of +23 min per commuter. Since the other groups are almost not exposed when A 0W = A 0S = 0.1, the relative changes are quite large for these groups. For A 0W = A 0S = 0.6, even the full-time workers are exposed. In addition, the increase is larger for bike commuters than for car commuters. (Tables 1 and 2 ). Table 3 . Averaged time exposed to heat stress (ODH ave ) of different groups for different albedo values. All other parameters are taken from the reference case (Table 1) . The combined effect of the A 0 changes and changes in the city morphology are presented in Figure 13 . Here, the differences in ODH ave are shown as a function of W and H CBD . For increased A 0W (Figure 13a ), the differences in ODH are closely related to the averaged H/W. For both large and very small H/W, the differences are small. A maximum increase of 2 min per commuter and more can be found for H/W between approximately 0.5 and 0.7. The changes in ODH are one magnitude larger if A 0 of all surfaces is increased (Figure 13b) . The increases show a moderate functional relationship to H/W, with a maximum increase of more than 30 min per commuter for H/W < 0.4. 
Discussion
Several assumptions were made for the development of the coupled model in order to reduce the complexity of the problem. The exposure of commuters to heat stress is modeled assuming simplified cities with idealized behavior of the population groups and idealized morphology. These assumptions were essential to solve the problem with reasonable computing time and data storage use. In addition, missing information (e.g., the relationship between work and home location or between city morphology and population distribution) currently makes very detailed models challenging.
Assuming a circular city neglects the heterogeneity of cities resulting from topography (e.g., valleys, mountains, rivers, and lakes) and from urban development, which might shift the CBD to a different location or leads to heterogeneous population density (e.g., if slopes are too steep for building). This heterogeneity does not allow the detection of the impact of single changes (e.g., building height) on heat stress due to the complex interactions between city morphology and traffic. Hence, the results for realistic cities (e.g., cities in narrow valleys or coastal cities) will differ in detail from these presented here. Nonetheless, some findings can be generalized for cities in the mid-latitudes. Since the diurnal cycle of T mrt is linked closely to the incoming solar radiation, the maximum will be around noon or in the early afternoon. Consequently, part-time workers with morning shifts or workers who work outdoors are more likely to be exposed to heat stress during heat waves (high temperature and clear sky) than office workers with longer working hours.
For a realistic city, the traffic is also much more complex than it is considered to be in the present study. Streets divert into a complex network, which includes streets with non-uniform average width and varying capacities (i.e., different maximum vehicle density), intersections, and traffic lights. Furthermore, only the traffic due to commuters is considered here as is done in other exposure studies e.g., [13] . Traffic due to public transport and heavy vehicles as well as non-work-related traffic is neglected. For the current problem this simplification does not have a large impact on the results because the increase in commuting time due to traffic jams is only up to 23% (Figure 13a ). It is, however, possible that the travel time and time spent in a traffic jam (Figure 10 ) will be impacted by additional traffic. For exposure studies of traffic noise or traffic-induced air pollution these simplifications would have a much greater effect because stressor and traffic are closely related. The large uncertainty results from the unknown relationship between home location and workplace. In the present model configuration, the total commuting time is small for compact cities because more commuters live close to their workplaces.
Commuters using public transport or other means of transport are not considered in this study. Hence, the findings on heat stress exposure are only valid for commuters who use their car or bike. In order to include all commuters in an exposure model, additional assumptions about the time spent outside or on the heat conditions in trains and buses would have had to be made. This would have required data on how much time they spend to walk to the next public transportation station or to walk directly to work, which were not available. However, such data will be collected within the UrbMod project with the help of detailed surveys. In addition, the population distribution, which is varied in the present study by changing the building height distribution, is likely to have an effect on the modal split within a city. Again, additional information on the dynamics of this relationship is required to take it into account in the modeling system.
T mrt is regarded as a proxy for heat stress of urban commuters in this study. It is valid for commuters who use their bike because their body is exposed to the radiation within the street canyon. While more complex models for outdoor human comfort exist that in addition to the radiation budget account for the effects of wind speed, humidity, air temperature and even of clothing and physical activity [38, 39] studies show that T mrt is a good measure for heat-related mortalities [15] , which indicates that it sufficiently reflects the daytime heat. For the human comfort of car passengers more complex models exist [29] . However, they require a number of input data that need to be collected (e.g., geometry of the cars or availability of air conditioning) before such models can be applied to assess the heat stress for a large number of cars. Hence, having a simple measure such as T mrt that accounts for the radiation, which plays an important role in vehicular thermal comfort models, is a good first guess. Keeping in mind the limitations mentioned, the number of commuters exposed to heat stress might be overestimated using just T mrt as a measure for heat stress.
In addition, the T mrt model employed neglects shading of trees as well as evaporative cooling effects of urban green. Both effects could reduce the heat stress of commuters. Furthermore, by assuming a constant T sur f throughout the city the effects of hot urban surfaces such as asphalt or walls might be underestimated. The influence of the abovementioned effects on the heat stress should be considered by taking into account the spatial variability of the meteorological conditions using mesoscale e.g., [40] or building-resolving microscale atmospheric models e.g., [41] .
Schrijvers et al. [16] also showed that an increase in the aspect ratio leads to a reduction of T mrt for large parts of the street canyon. However, they also simulated the effect of the mixing of the air within the street canyon, which has additional effects on the T mrt distribution near the surface. As a consequence in some parts of the street canyon T mrt could increase with increased aspect ratio under the right meteorological conditions. However, the case study for Hamburg by Schoetter et al. [4] also showed that the perceived temperature (PT) [42] , which uses T mrt as an input variable, decreases with increasing building height. Since T mrt values for the whole city decrease with increasing aspect ratios and the commuting time decreases with larger building heights, the lowest heat stress exposure can be found for compact city structures with high aspect ratios. However, in the present study the effect of the traffic seems to be more important for cities with lower aspect ratios but large building heights (i.e., wide streets). For these city configurations the temperature threshold, T thr , is exceeded for a longer timespan. Hence, the time spent outside has more impact on the exposure.
The findings with respect to the influence of the albedo A 0 on the T mrt are also in line with results by Schrijvers et al. [16] . They used a more complex street canyon model and found an increase in T mrt with increasing albedo. In addition, as a result of the changes in T mrt the Universal Thermal Climate Index (UTCI) [43] , computed for pedestrians, showed an increase despite a reduction in the air temperature. Consequently, the increase in heat stress exposure due to an increase in A 0 found in the present sensitivity study seems to be a robust finding. The strength of the increase depends, however, largely on the surfaces that are changed. Changes in A 0 of walls have a much smaller effect than the changes in A 0 of all surfaces.
Conclusions and Outlook
In the present study, a simplified city model is introduced which couples a multi-class (multiple groups), multi-mode (cars and bikes) traffic model with a heat stress model for street canyons in order to compute the heat stress exposure of commuters who use bikes and cars. The applied approach has advantages compared to studies that only compute the exposure based on a static population distribution e.g., [10] : it is possible to compute the exposure for individual groups (e.g., with similar behavior and home location).
Part-time workers are potentially more exposed to daytime heat stress than full-time workers during a hot summer day in a city like Hamburg, Germany, located in the mid-latitudes. Sensitivity studies with varied urban morphology and varied albedo of walls and streets show that the lowest exposure with respect to high T mrt values can be expected for compact cites (i.e., large aspect ratios and high buildings in the CBD): (a) due to reduced T mrt values within the city; and (b) due to shorter commuting times, and for low albedo materials (i.e., non-reflecting materials) due to the reduced reflection of short-wave radiation. This general finding is in line with other studies with more complex human comfort models e.g., [4, 16] , which, however, did not account for the dynamics of commuters. In addition, while many studies on heat stress focus only on single street canyons, the results of the present study suggest that they are also valid for whole cities, with varying building heights and street orientations. Hence, there is strong evidence that it is possible to reduce daytime heat stress by changes in the city morphology and in the reflectivity of urban surfaces. This knowledge can be used to plan climate adaption measures.
In addition to being able to track groups of commuters, the traffic model introduced accounts for changes in the commuting time due to traffic jams. Based on the findings of the sensitivity study, in more compact cities commuters spend more time in traffic jams. This effect is smaller than the effect of reduced commuting times resulting from commuters living closer to their workplace in more compact cities. Hence, the total commuting time decreases for compact cities, this leads to an additional reduction in heat stress exposure.
The coupled model system is the first step towards modeling UrbWellth [7] . For UrbWellth, daytime heat stress is only one of other stressors such as night-time heat stress, traffic noise, and air pollution. Consequently, the next steps are the extension of the system by adding more models to it (e.g., a heat stress model for car passengers, atmospheric model, pollutant emission model), the application of the model to a more complex city and eventually the computation of medical outcomes e.g., years of life lost [44] . Other important steps are the thorough evaluation of the model results with real life data collected within the UrbMod project, and the subsequent evaluation of the model by applying it to other cities around the world.
